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In Brief
Two single-molecule nascent RNA-seq strategies show that pre-mRNA splicing occurs as soon as RNA polymerase transcribes past introns, shedding light on organizational and mechanistic characteristics of the spliceosome.
INTRODUCTION
Transcription and pre-mRNA splicing are carried out by two macromolecular machines, RNA polymerase II (Pol II) and the spliceosome. Splicing begins while nascent RNA is still attached to the DNA axis by Pol II, i.e., ''co-transcriptionally'' (Brugiolo et al., 2013; Osheim et al., 1985) , creating opportunities for cross-regulation between splicing and transcription. For example, transcriptional output is stimulated by the presence of introns within a gene (Ares et al., 1999; Bieberstein et al., 2012; Brinster et al., 1988) . Moreover, the speed of elongating Pol II influences alternative splicing, such that a slower Pol II favors the recognition of weaker splice sites (Braunschweig et al., 2013; Carrillo Oesterreich et al., 2011; Luco et al., 2011) . In addition to this ''kinetic'' principle, the proximity of nascent ribonucleoproteins (RNPs) to the DNA axis creates the potential for interactions between the splicing machinery, chromatin, and Pol II (Luco et al., 2011; Wetterberg et al., 2001) . Because of the enormous potential for regulation, how Pol II and the spliceosome interact in space and time is currently the subject of intense research. How close are Pol II and the spliceosome when splicing occurs?
Mounting evidence that cross-regulation between transcription and splicing impacts gene expression highlights the importance of determining the rates of these two processes in vivo. While substantial progress has been made in determining Pol II elongation rates genome-wide (Jonkers et al., 2014; Veloso et al., 2014) , splicing rates are less well understood. Intron half-lives reflect both splicing and decay and can be used to deduce splicing rates. Metabolic labeling has recently been used to compute intron half-lives on a global scale, yielding ranges of seconds to hours in fission yeast and mouse cells (Eser et al., 2015; Rabani et al., 2014) , establishing a range of expected splicing rates that resemble those derived from reverse transcription qualitative PCR experiments in human cells (Pandya-Jones and Black, 2009; Singh and Padgett, 2009 ). Live cell fluorescence measurements have yielded intron half-lives of 20-30, 105, and 164 s for model human genes (Martin et al., 2013; Schmidt et al., 2011) . These estimates are in a range consistent with a 15-30 s global splicing rate derived from human small nuclear ribonucleoprotein particle (snRNP) dynamics (Huranová et al., 2010) and a 30-60 s estimate from two different model genes in budding yeast (Alexander et al., 2010; Lacadie et al., 2006; Tardiff and Rosbash, 2006) . Considering the reported shorter splicing rates (30 s) and average elongation rates (2 kb/min), one can calculate that splicing may occur when Pol II is at least 1 kb downstream of introns. Consequently, the spliceosome may be tethered to Pol II by an 1,000 nt long strand of RNA. Is this estimate accurate? How variable is the relationship between splicing and transcription from gene to gene?
Here, we employ two single-molecule RNA sequencing (RNAseq) strategies to quantify the transition of unspliced pre-mRNA to spliced product with respect to the position of Pol II at base pair resolution. Nascent RNA contains both the information on splicing state and progression of Pol II and therefore enables a direct analysis of both processes, providing temporal and spatial information. We chose to profile co-transcriptional splicing kinetics in budding yeast, where the prevalence of single-intron genes avoids the complication of multiple introns and alternative splicing. First, we developed single-molecule intron tracking (SMIT) to analyze thousands of individual nascent RNA molecules for each of 87 endogenous genes, yielding co-transcriptional splicing kinetics at base pair resolution. Second, we employed long read sequencing to analyze full-length nascent RNAs genome-wide. We employ these methods to determine the earliest occurrence of splicing and the time window for splicing completion under wild-type conditions. Subsequently, we query the effects of splice site sequence variation and changes in transcription elongation rate to address regulation.
RESULTS

Single-Molecule Intron Tracking Measures Splicing Progress as a Function of Pol II Position
To measure both the position of Pol II and the splicing state of single nascent RNA molecules (i.e., the progression of splicing as a function of Pol II position), we developed single-molecule intron tracking (SMIT) ( Figure 1A ). We begin with the purification of nascent RNA from a chromatin preparation, which permits harsh washing due to the stability of the ternary complex between DNA, Pol II, and nascent RNA (Carrillo Oesterreich et al., 2010) . 3 0 end linker ligation marks the position of Pol II for each nascent RNA molecule (Churchman and Weissman, 2011; Weber et al., 2014) . 3 0 end linker ligation is followed by PCR using gene-specific primers located in first exons (Figures S1A and S1B) to selectively enrich nascent RNAs of interest, both spliced and unspliced. We use massively parallel paired-end sequencing to determine the splicing state (spliced or unspliced) and Pol II position (3 0 ends) for millions of single nascent RNA molecules. SMIT was performed on 87 selected endogenous yeast genes (Table S1) , representing 30% of all intron-containing genes. The large number of nascent RNA observations (2 3 10 7 ) yielded an average of 2 3 10 5 reads per gene and 300 reads per Pol II position ( Figures S1C and S1D ). On average, each gene is represented by 329 distinct Pol II positions ( Figure S1E ). For most genes, Pol II coverage extends to regions downstream of polyA sites, allowing us to analyze splicing along the entire terminal exon ( Figure S1F ). Both PCR and sequencing reactions involved in SMIT may generate a bias toward short reads. To quantify and correct for this bias, the insert length distribution for intronless genes was determined. This distribution can be well modeled by an exponential distribution ( Figure S1G ). This model allows us to correct for this bias in all the following analyses (see Supplemental Information for a detailed explanation). Representative profiles show that SMIT quantifies the transition of the pool of unspliced to spliced nascent RNA as a function of Pol II position ( Figures 1B and S2 ). SMIT profiles reveal gene-to-gene similarities and differences in the progress of the splicing reaction relative to Pol II position. We derive saturation levels (the fraction spliced at the end of the gene) and half-maxima (½ max, the Pol II position at which 50% of the saturation is reached) for each gene. See Figure 1A for a schematic representation and the Experimental Procedures for a detailed description of the analysis. For most genes, the fraction spliced reaches saturation well before Pol II has reached the polyA cleavage site ( Figures 1B and S2 ). Saturation levels ranged from 6% to 100% with an average saturation value of 82% ( Figure S3A ), which agrees well with genome-wide studies in other species (Brugiolo et al., 2013; Herzel and Neugebauer, 2015) . Moreover, gene-specific saturation levels correlated well with a previous independent approach in yeast (Carrillo Oesterreich et al., 2010) ( Figure S3B ), validating the approach. Interestingly, for YDR381W (YRA1; see Figure 1B ) spliced products were detected later during transcription (½ max = 158 nt), possibly due to a non-consensus branchpoint sequence previously associated with the inefficient splicing of YRA1 premRNA (Preker and Guthrie, 2006 0 SSs, we developed a second experimental approach using long read sequencing of full-length nascent RNA to determine both the position of Pol II and the splicing state of single nascent RNA molecules ( Figure 2A ). As before, this method starts with nascent RNA purification, and 3 0 ends are marked by linker ligation. In contrast to SMIT, however, minimal cDNA amplification is involved in library preparation; the forward PCR step serves to complete the cDNA for sequencing by DNA polymerase. Importantly, insert length bias is not observed in our dataset; this point is discussed in detail below. Although this genome-wide method yields relatively few reads per gene, it clearly reveals spliced nascent transcripts with 3 0 ends just downstream of 3 0 splice sites ( Figure 2B ). Therefore, the long read sequencing recapitulates the observation made by SMIT. We extended the long read sequencing analysis to the distantly related fission yeast Schizosaccharomyces pombe and similarly detect splicing events close to 3 0 SSs ( Figure 2C ). These data confirm that splicing can occur unexpectedly early during transcription in both budding and fission yeasts.
Quantification of In Vivo Splicing Kinetics
When exactly during transcription are the first spliced products detected? How quickly does the splicing reaction progress? To parameterize co-transcriptional splicing kinetics measured by SMIT, we determined the position of Pol II where 10% (onset), 50% (½ max), and 90% (completion) of the splicing saturation is reached ( Figure 3A) . For all 87 genes examined, onset is tightly clustered around 26 ± 1 nt (mean ± SEM) downstream of 3 0 SSs, indicating that splicing can occur soon after intron synthesis. To validate these findings, we turned to the data obtained by long read sequencing. Gene-specific analysis is not possible, because of the low number of reads per gene ( Figure S4A ). However, we can take advantage of the genome-wide distribution of reads to infer kinetic parameters of co-transcriptional splicing as population averages. Pol II positions relative to the 3 0 SS were deduced for all spliced reads for intron-containing genes and visualized as a cumulative frequency distribution (Figures 3B and S4B) . The x-intercept at 36 ± 11 nt (mean ± 95% confidence interval) maps the Pol II position at which detection of the first spliced products is predicted by the data (see the Experimental Procedures). This mapping of splicing onset is not significantly different to that mapped by SMIT. Thus, two independent methods map the onset of spliced products to Pol II positions just downstream of the 3 0 SS. Spliced product at Pol II positions close to the 3 0 SS could either indicate that splicing is faster than anticipated or that Pol II pauses locally, allowing sufficient time for the splicing reaction to occur. As previously reported, local Pol II elongation rates correlate inversely with Pol II density (Carrillo Oesterreich et al., 2010) . In order to determine Pol II density along genes, we sequenced 3 0 ends of nascent RNAs isolated from chromatin, matching our strains and experimental conditions. We omitted the PCR necessary for the deduction of the splicing progression in SMIT, thereby avoiding the insert length bias described above. Pol II densities over terminal exons (extended by 100 nt up-and downstream) are shown for all 87 genes analyzed by SMIT ( Figure 3C ). In general, Pol II density does not increase at 3 0 SSs or the positions of splicing onset and/or saturation. This indicates that transcriptional pausing within gene regions where splicing occurs is not a major contributing factor to the immediacy of splicing when Pol II transcribes past introns.
Note that terminal exon pausing occurs significantly further downstream, 250 bp downstream of 3 0 SSs (Carrillo Oesterreich et al., 2010). Taken together, this analysis of Pol II density combined with SMIT analysis indicates that splicing occurs early in the transcription process with respect to time as well as distance.
Splicing Kinetics Is Sensitive to Splice Site Sequence Variation
To address the differences between SMIT and previous findings inferred by chromatin immunoprecipitation (ChIP), we applied SMIT analysis to the HZ18 reporter gene. HZ18 harbors two halves of an MS2 RNA stem-loop in its exons, such that the stem-loop forms after splicing (Lacadie et al., 2006) . MS2-coat protein binds the stem-loop and served as a target in ChIP experiments that aimed to detect the Pol II position along the gene the moment splicing occurred. Splicing of this reporter is well characterized using a variety of assays, including the estimate from ChIP that splicing occurs when Pol II reaches 1 kb or more downstream of 3 0 SSs (Lacadie et al., 2006; Tardiff and Rosbash, 2006) . We integrated HZ18 into the genome and performed MS2 ChIP and SMIT in parallel ( Figure 4A ). Although our MS2 ChIP experiments confirm those obtained previously, the MS2 ChIP and SMIT profiles differed significantly. While both exhibited a similar shape, the MS2 ChIP profile was delayed compared to the SMIT profile (½ max at 1 kb versus 400 nt downstream of the 3 0 SS). The SMIT profile of HZ18 was comparable to those observed for endogenous genes (e.g., YDR381W; Figure 1B ). Long read sequencing was employed as an independent method for analysis of individual nascent HZ18 RNA molecules. Consistent with SMIT, splicing catalysis was observed in long read data when Pol II was immediately downstream of the 3 0 SS ( Figure 4B ). The long read sequencing data thereby confirm the SMIT profiles and support the conclusion that splicing of the See also Table S2. HZ18 reporter occurs earlier during transcription than previously suggested. We took advantage of this well characterized reporter gene to test whether co-transcriptional splicing kinetics depend on splice site sequences that were previously shown to alter splicing kinetics in single-molecule experiments in vitro (Hoskins et al., 2011; Shcherbakova et al., 2013) . SMIT and MS2 ChIP were performed on HZ18 with a single nucleotide mutation in the 5 0 SS, which is present in 10% of all yeast intron-containing genes. Assayed by SMIT, this 5 0 SS mutation shifted the progression of co-transcriptional splicing 200 nt downstream ( Figure 4C) , consistent with the expectation that weakening 5 0 SS base-pairing with U1 snRNA delays spliceosome assembly. Consistent with SMIT, spliced transcripts were produced from the mutant HZ18 gene as determined by real-time PCR, and co-transcriptional spliceosome assembly was delayed but not abolished as determined by spliceosome ChIP ( Figure S5 ). Remarkably, MS2 ChIP detected no co-transcriptional splicing ( Figure 4C ), yet detection of spliced nascent RNA shortly after synthesis of the 3 0 SS was confirmed by long read sequencing ( Figure 4D ). We conclude that non-consensus splicing signals that delay spliceosome assembly also delay splicing catalysis with respect to transcription in vivo. See also Figure S5 and Tables S2 and S3. contribute to co-transcriptional splicing kinetics. If Pol II elongation rate were increased sufficiently, one might expect to observe spliced products only when Pol II has reached positions significantly further downstream. To test this expectation directly, we employed a strain harboring a single amino acid mutation (E1103G) that makes Pol II elongation rate 2.3 times faster than wild-type (Braberg et al., 2013; Kaplan et al., 2012) and determined co-transcriptional splicing kinetics by SMIT. Remarkably, SMIT profiles for ''fast'' Pol II are shifted to downstream gene regions compared to WT (Figures 5A and S6 ). SMIT data for all genes examined show that splicing onset remained very close to WT values (27 nt downstream of the 3 0 SS). In contrast, ½ max and completion values were 2.5 and 2.7 times greater than in WT (compare Figures  5B to 3A) , showing that co-transcriptional splicing kinetics are sensitive to changes in elongation rate. Thus, splicing can become rate-limiting when transcription is fast.
Rapid Transcription Reveals that
DISCUSSION
Although it is widely appreciated that transcription and splicing can occur simultaneously and influence one another, knowledge of the rate of splicing in vivo has been a missing link to our broader understanding of the underlying mechanisms. Here, we have quantified the progress of splicing-from unspliced to spliced mRNA-as a function of Pol II position along the length of 87 endogenous yeast genes, using RNA-seq strategies that yield single-molecule information at base pair resolution. The data from single-molecule intron tracking (SMIT) resemble kinetic curves that track biochemical reactions from precursor to product over time. The progression of splicing captured by SMIT thereby reveals the position of Pol II when the first spliced products are observed (onset) and a range of gene-specific dynamics as splicing saturates (completion). The range of Pol II positions when splicing onset and completion is achieved is 26 and 129 nt downstream of the 3 0 SS, respectively ( Figure 6A ). We show that significant transcriptional pausing within this window does not occur, allowing us to infer timing. Using an average transcription elongation rate in budding yeast (33 nt/s) (Mason and Struhl, 2005) and average half-maximal values derived from SMIT, 50% of splicing is complete within 1.4 s after 3 0 SS synthesis, at least an order of magnitude faster than previous estimates. The mechanistic implications of these findings cause us to reconsider previous assumptions on the physical and temporal relationships between transcription and splicing catalysis, the relative speed with which the spliceosome assembles, and how opportunities for regulation arise in vivo. These aspects are discussed below.
The observation that splicing catalysis can occur within the time frame of transcription, with delays of only a few nucleotides, indicates that splicing and transcription rates are matched in budding and fission yeast. This interpretation is supported by the observation that splicing delays can be introduced by experimentally decreasing splicing rate or increasing transcription elongation rate. Fast transcription reveals that splicing can be rate-limiting. Interestingly, even when splicing completion is shifted further downstream by fast transcription, splicing onset remains early (Figure 6A ), indicating the capacity of the spliceosome to assemble and function quickly. Moreover, these changes suggest that splicing and elongation rates are independent of one another. Consistent with these observations, a previous study showed that reducing Pol II elongation rate in budding yeast leads to greater inclusion of internal exons in genes with two introns (Howe et al., 2003) . Our conclusions are also consistent with reports that Pol II elongation rates are inversely correlated with levels of spliced mRNA in yeast (Braberg et al., 2013; Moehle et al., 2014) and that elongation rates in mammalian cells are optimized for splicing (Fong et al., 2014) . This observed matching of rates is reminiscent of the enzymatic coordination within metabolic pathways (Bar-Even et al., 2011) .
Previous measurements of splicing duration in vivo range from 30 s to 15 min and correspond to the time required for Pol II to transcribe 0.5-30 kb of DNA (see Introduction). These long estimates from a variety of reporters and model systems suggested that splicing is slower than simple enzymes. Our experiments utilizing the HZ18 reporter indicate that MS2 ChIP does not accurately report co-transcriptional splicing kinetics. A possible explanation for these differences is that MS2 RNA stem loop formation and/or release from spliceosomes delays stem-loop binding by MS2 coat protein. In contrast, the two independent single-molecule methods presented here-SMIT and long read nascent RNA sequencing-report on co-transcriptional splicing kinetics directly with high resolution and sensitivity on endogenous genes. Both agree on fast co-transcriptional splicing in vivo with intron removal as soon as 3 0 SSs exit Pol II, indicating that Pol II and the spliceosome are physically closer during splicing catalysis than previously anticipated.
The immediacy of splicing with respect to transcription suggests potential spatial constraints on the splicing reaction. Our data also allow us to consider the proximity of the spliceosome to Pol II in terms of RNA length, which thereby range from 26-129 nt between the catalytic centers of both Pol II and the spliceosome. Splice sites cannot be utilized by the spliceosome until they exit the transcribing Pol II. Is the completion of splicing determined by the accessibility of the 3 0 SS to the spliceosome? Structural studies have shown that 15 nt of nascent RNA occupies the Pol II exit channel (Martinez-Rucobo et al., 2015) . The spliceosome has currently only been visualized after splicing (Yan et al., 2015) . From biochemical studies we can infer that at least 9 nt of downstream exonic RNA sequence is embedded in the spliceosome (Schwer, 2008) . Thus, splicing is possible when Pol II has transcribed at least 24 nt downstream of the 3 0 SS. The detection of the first spliced products by SMIT (26 ± 1 nt) and long read sequencing (36 ± 11 nt) agrees well with this expected minimal RNA length. These values may not be absolute, given ''structural intermingling'' of colliding Pol II (Saeki and Svejstrup, 2009) . Taken together, our findings indicate that Pol II and the spliceosome must be within a few RNA nucleotides of one another when splicing is first detected ( Figure 6B). A B Figure 5 . Pol II Elongation Rate Is a Determinant of Co-transcriptional Splicing Kinetics (A) SMIT profiles (mean ± SD) for two representative endogenous genes with WT Pol II (gray) and mutated Pol II with increased elongations rates (fast Pol II, black). Fraction spliced is plotted versus distance from 3 0 SSs. Half-saturation Pol II positions are indicated.
(B) Pol II positions (distance from 3 0 SS) at which 10%, 50%, or 90% of splicing saturation is reached (n = 24 endogenous genes). Data points represent genespecific values and boxplots summary statistics. See also Figure S6 and Tables S2, S3 , and S4.
If the spliceosome can act on introns as soon as they emerge from Pol II, spliceosome assembly must be complete by the time the end of the intron is transcribed. The spliceosome assembles in a step-wise fashion from individual snRNPs and non-snRNP components (Wahl et al., 2009 ), which could represent numerous rate-limiting steps (Hoskins et al., 2011) . Indeed, experiments that monitor the stepwise assembly of the spliceosome suggested that spliceosomes assemble slowly. Specifically, U2 snRNP, U5 snRNP, and 19 complex components of the spliceosome exhibit peak signals 600 bp downstream of introns (Gö rnemann et al., 2005; Gunderson and Johnson, 2009; Lacadie and Rosbash, 2005; Lacadie et al., 2006; Tardiff and Rosbash, 2006) , and these peaks were loosely interpreted to indicate Pol II position at the time of splicing catalysis. However, these spliceosome components were also significantly detected at 3 0 SSs by ChIP, consistent with early function. Little is known about mRNA release from spliceosomes and/or co-transcriptional spliceosome disassembly. Combining our knowledge of these ChIP patterns with the present results from SMIT, we suggest that the peak ChIP accumulations further downstream of introns may reflect the duration of spliceosome association with nascent mRNA both during and after splicing.
In higher metazoans, intronic sequences required for splicing (5 0 SS, branchpoint, and 3 0 SS) are highly variable and often require trans-acting factors to assist splice site recognition.
Indeed, interference with 3 0 SS recognition decreases splicing rates in human cells (Coulon et al., 2014) . In budding yeast, 5 0 SS, branchpoint, and 3 0 SS sequences mostly conform to consensus, while 25% of genes exhibit sequence variation that can significantly impact splicing kinetics in vitro (Shcherbakova et al., 2013) . Thus, even small changes in sequence could change the timing of splicing, e.g., by altered spliceosome assembly or splicing rates. Consistent with this notion, we observed that a single, subtle mutation in 5 0 SS sequence delays splicing to later Pol II positions in the HZ18 reporter. Interestingly, numerous endogenous genes in our dataset (22/87) harbor nonconsensus 5 0 SSs and are nevertheless spliced efficiently, suggesting there are compensatory mechanisms that enforce splicing rates in vivo. Some introns in yeast are highly structured (Gahura et al., 2011; Meyer et al., 2011) ; however, the potential effects of RNA folding on splicing kinetics in vivo have not been investigated. Detailed measurements of splicing for a large number of endogenous genes provide a starting point for using gene-specific diversity to pinpoint biologically relevant differences in the kinetics of gene expression.
Our observations that splicing kinetics can be regulated by gene-to-gene sequence variation as well as transcription elongation rates is especially relevant to metazoans, where fast kinetics might restrict alternative splicing. A wealth of data support the notion that splicing is in kinetic competition with transcription (Carrillo Oesterreich et al., 2010; Davis-Turak et al., 2015; Naftelberg et al., 2015) . On the one hand, nucleosome positioning and histone post-translational modifications contribute physiologically relevant modulation of both transcription speed and splice site choice (Dujardin et al., 2014; Gunderson and Johnson, 2009; Moehle et al., 2014; Muñ oz et al., 2009; Schor et al., 2009 ). On the other hand, inhibition of splicing may open the window of opportunity for splice site choice, by allowing more nascent RNA to be synthesized before alternative splice sites are chosen. Abundant splicing repressors, such as polypyrimidine tract-binding protein (PTB) or heterogeneous nuclear ribonucleoprotein (hnRNP) A1 (Fu and Ares, 2014) , could play this unexpected role. Likely the combination of RNA sequence variation, changes in elongation rate as well as the expression of trans-acting splicing factors co-operate to tune splicing and transcription of intron-containing genes with different gene architectures under different gene expression programs. Thus the modulation of the kinetic competition between splicing and transcription is a major mechanistic feature of splicing regulation. SMART CDS Primer II A was substituted with a custom primer (see Table  S3 ). RNA (1 mg) was used per reaction. Double-stranded DNA was generated by a low cycle PCR (Advantage 2 PCR Kit, Clontech). For long read sequencing of nascent RNA from the HZ18 reporter a SMIT PCR with the gene-specific forward primer was done to increase sequencing read counts for this reporter (>10,000 unique transcripts sequenced). Double-stranded cDNA (1 mg) was submitted to the Yale Center for Genomic Analysis (YCGA) for Pacific Biosciences library preparation and sequencing with standard protocols (SMRTbell Template Prep Kit 1.0). ends for genes of interest (SMIT PCR) and a second to attach Illumina sequencing adaptors followed. In the SMIT PCR, the forward primer was designed to anneal to a gene-specific sequence, whereas the reverse primer targets all 3 0 ends of cDNAs. All primer sequences are given in Table S3 . PCRs for individual genes were pooled, purified (MinElute PCR purification kit, QIAGEN), and used as template for the second PCR. All PCR cycle numbers were optimized to obtain a cDNA smear in the size range expected for Saccharomyces cerevisiae transcripts (up to 2 kb, visualized by Agarose gel electrophoresis). A defined 31 nt RNA oligo was used as minimal size control in the SMIT protocol (Churchman and Weissman, 2012) . cDNA was gel extracted for sequencing (QIAGEN Gel Extraction kit). To avoid saturation of columns, extraction was performed for three size groups per lane separately and samples pooled before sequencing. Gel extraction removed PCR amplicons without inserts (<200 bp). A second round of purification was performed with AMPure beads. Hiseq2000/2500 sequencing was performed at the Yale Center for Genome Analysis and the Deep Sequencing Group of the Biotechnology Center TU Dresden.
SMIT Library Preparation
Determination of Co-transcriptional Splicing Profiles and Metrics
Spliced and unspliced splicing junction reads were paired to 3 0 end reads by read-id. Read pairs were grouped by their 3 0 end position, resembling grouping of nascent RNA molecules by Pol II position. For each Pol II position group, the fraction of spliced molecules is calculated and grouped by gene identity to form raw SMIT profiles. PCR and sequencing steps of the SMIT protocol favor short sequences ( Figure S1F ) and can be well described by an exponential distribution. Normalized SMIT profiles were generated by calculating the insert-bias-corrected fraction of nascent RNA molecules spliced for each Pol II position. To this end, the exponential distribution was used to determine a probability for each observed insert length. For each Pol II position, the observed sequencing read-count was scaled with this probability, taking into account the splicing-specific insert length (see Supplemental Experimental Procedures for details). Positions with at least ten observations were grouped into bins and represented by mean and SD values. The last three bins containing at least three individual Pol II positions were used to determine the saturation values, given by the mean fraction spliced. To characterize splicing kinetics we determined the Pol II position at which 10%, 50%, and 90% of saturation values were reached. Linear interpolation was done from the first Pol II position, which exceeds the specified threshold, to the previous position to approximate the crossing point (i.e., Pol II position). If the very first data-point exceeds the specified target fraction, no value was assigned.
Determination of Onset of Splicing Using Long Read Sequencing
Pol II positions for all spliced and unspliced nascent RNA molecules were determined relative to 3 0 SSs. The total number of observations is low and results in a sparse coverage of single Pol II positions for each gene ( Figure S4A ). To determine the average onset of splicing, we consider Pol II positions of spliced reads over all genes and the corresponding cumulative frequency distribution ( Figure S4B) . A linear phase is valid for all positions <300 nt, which includes the minimal terminal exon length (230 nt) (Kolmogorov-Smirnov test with respect to uniform distribution in the window 26-230 nt, p value = 0.56).
To infer the onset of co-transcriptional we fit a linear model to the observed cumulative distribution within the window of minimal terminal exon length (R 2 = 0.99, x-intercept of the linear model corresponds to onset of splicing 36 ± 11 nt 95% confidence interval). Confidence interval on the intercept was derived by bootstrapping.
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